Historic fur returns from Hudson's Bay Company posts in northwestern Canada reveal periodic oscillations in mink (Neovision vision) harvests lagging 2-3 years behind oscillations in muskrat (Ondatra zibethicus) harvests, as would be expected in a predator-prey interaction. Toward central and eastern Canada, the strength of the interaction between time series of harvests of minks and muskrats weakens and the lag between fluctuations of these 2 species decreases to 1 and 0 years, respectively. We tested the hypothesis that this gradient in minkmuskrat interactions is the result of decreased dependency of minks on muskrats in areas where minks have access to more alternate prey. We tested 2 predictions: species richness of mink prey is greatest in eastern Canada and decreases to the west, and percent muskrats in the diets of minks decreases as species richness of mink prey increases. Contrary to the 1st prediction, we found that species richness of mink prey in Canada is highest in southcentral Canada. Consistent with the 2nd prediction, percent occurrence of muskrats in the diets of minks was much lower in areas with greater species richness of mink prey. Local species richness of mink prey therefore could influence the degree of specialization of minks on muskrats, but may be insufficient to explain the geographic pattern in the lag between muskrat and mink harvests in eastern Canada.
Similar to the harvests of Canada lynx (Lynx canadensis) reported by the Hudson's Bay Company (HBC), fur-return data for muskrats (Ondatra zibethicus) and minks (Neovison vison) also show periodic fluctuations. Cycles in muskrat harvests have been reported since 1927 (Elton and Nicholson 1942; Innis 1927 ) and harvests of both muskrats and minks oscillate approximately every 8-9 years throughout most of Canada's boreal region (Erb et al. 2001; Viljugrein et al. 2001) . Although linking the abundance of muskrats and minks to the well-known snowshoe hare (Lepus americanus)-lynx cycle is tempting (via the alternative prey hypothesis -Lack 1954) , such a link is unlikely (Elton and Nicholson 1942) . Instead, fur harvests of minks follow the fluctuations in fur harvests of muskrats so well that researchers have suggested the existence of a predator-prey interaction between the 2 species (Bulmer 1975; Finerty 1980; Keith 1963; Viljugrein et al. 2001) .
Minks and muskrats occupy the same wetlands throughout much of North America (Boutin and Birkenholz 1987; Eagle and Whitman 1987) and minks are primary predators of muskrats and waterfowl (Eagle and Whitman 1987) . Minks are successful predators of muskrats (Banfield 1974; Proulx et al. 1987) , especially when muskrats are stressed (Errington 1963) .
Based on fur-return data from the HBC, fluctuations of mink and muskrat harvest returns are best grouped into 3 geographical zones (Yao et al. 2000) with different numerical dependencies between the 2 species (Erb et al. 2001) . Fur returns from western Canada HBC posts show the strongest interactions between minks and muskrats and periodic oscillations in mink harvests lag 2-3 years behind oscillations of muskrat harvests. As a result, Erb et al. (2001) argued that specialization on muskrats by minks is highest in the west, particularly the northwest, due to low prey diversity near highlatitude HBC posts. Erb et al. (2001) ascribed the dependencies in central Canada to intermediate trophic interactions, with mink harvest numbers lagging behind muskrat numbers by 1 year. Specialization by minks on muskrats appears to be weakest at eastern posts, where no lag between the 2 harvest time series exists. Yao et al. (2000) suggested that prey of many species might exist for minks in the east, making minks less dependant on muskrats. However, this hypothesis conflicts with the general pattern in North America that mammal species richness increases from east to west (Simpson 1964) .
Specialist predators can interact with prey in a dynamic fashion where prey periodically escape the population-limiting effect of predation, resulting in periodic population fluctuations. Where a diverse community of competing predators exists, however, predators can keep prey populations at low numbers (see King and Powell 2007) . In the mink-muskrat predator-prey system, minks have few, if any, competing predators, particularly in winter. Unless muskrats are forced to travel on land (in times of overabundance), minks are the primary predators of muskrats (Errington 1943) . The only other semiaquatic carnivorous mammals in freshwater ecosystems of North America are river otters (Lontra canadensis), which, through resource partitioning (higher proportion of fish in the diets of otters), coexist with minks (Gilbert and Nancekivell 1982; Melquist et al. 1981) .
What is unclear in the mink-muskrat system in Canada is why fluctuations in mink and muskrat harvests remain periodic in eastern Canada (Erb et al. 2000 (Erb et al. , 2001 , where the interdependency between the 2 species deteriorates and the lag in harvest numbers is reduced (Erb et al. 2001) . A similar pattern has been documented in lynx-snowshoe hare interactions across Canada, where lynx consume a larger array of prey where prey is diverse (Roth et al. 2007 ). In addition, variability in the abundance of lynx is dampened in areas of high prey diversity (Roth et al. 2007) .
Minks have been characterized as generalist predators (Eagle and Whitman 1987) . Many studies document a diversity of mammalian, avian (waterfowl and passerine), invertebrate, and fish prey in the diets of minks (Arnold and Fritzell 1987; Gilbert and Nancekivell 1982; Jennings et al. 1982; Proulx et al. 1987; Sargeant et al. 1973 ). To date, no studies exist on the variation in species richness of mink prey across Canada and most studies of latitudinal gradients in species richness of potential prey in North America have focused on mammals (Badgley and Fox 2000; Simpson 1964 ).
We tested 2 predictions: species richness of potential prey for minks is greater in eastern Canada than in the west (Yao et al. 2000) , and percent muskrats in the diets of minks is reduced in areas of high species richness of mink prey, thereby providing support for the hypothesis that changes in the dynamics of mink-muskrat interactions across Canada are the result of variation in species richness of mink prey.
MATERIALS AND METHODS
Species richness of prey.-We collected mink carcasses from across Canada from biologists, trappers, and fur buyers. Emphasis was placed on obtaining samples that represented the distribution of HBC posts across Canada where mink and muskrat harvests have been recorded. We labeled frozen mink carcasses with the date of death, trapping location, trapping method, and bait used. During postmortem examinations, we recorded sex and standard measurements and removed the digestive tracts.
We washed stomach and large intestine contents with warm water in a fine-mesh sieve (0.5 mm) and placed them in petri dishes. We identified fish using scales (Oates et al. 1993) , opercula, and diagnostic vertebrae of species known to inhabit the areas where minks were trapped (Scott and Crossman 1998) . We identified birds to order using Day's (1966) key to downy barbules and identified mammals to species using teeth and hair (Adorjan and Kolenosky 1969; Brunner and Coman 1974; Day 1966; Dearborn 1939; Hausman 1920; Moore et al. 1974; Smith 1993; Wallis 1993; Williams 1938) . We identified amphibian remains to order and insect remains to phyla or subphyla when diagnostic parts were available (Conant 1958; Peckarsky et al. 1990 ).
We present diet data as frequency of occurrence (number of minks in which a prey item occurred) and percent occurrence (percentage of all prey items in the sample). Lockie (1959) criticized frequency of occurrence and percent occurrence to estimate principal prey because they overestimate small prey items (more indigestible matter in relation to bulk) and underestimate large ones (little of what is eaten is indigestible). When a sample contained remains of .1 prey type, the prey type occupying the greatest proportion of the sample was identified as the dominant food item (we estimated greatest proportion by placing the sample over a grid and visually determining percent of each prey item within 10 randomly chosen grid squares). The frequency of occurrence method gives an indication of the relative importance of food categories that dominate the predator's diet (mammals, fish, and birds -Erlinge 1968; Melquist and Hornocker 1983) and was used to generate a list of mink prey for Canada. We used chi-square analysis to test for differences in the composition of diets from the following categories: estimated from contents of stomachs and intestines, for males and females, for minks trapped in different seasons, and for minks trapped with and without bait.
We generated from the literature a list of all known prey for minks across North America to produce a map of species richness of prey for minks using distribution maps (Patterson et al. 2003; Scott and Crossman 1998) . We presumed that the geographical distribution and richness of prey species has not changed during the past 100 years (Graham and Mead 1987) . Although some wild mink populations might now include escaped, feral minks (Bowman et al. 2007) , there are no data to suggest that feral minks (or resultant hybrids) have diets that differ from wild minks.
Using Lambert's azimuthal equal area projection in a geographic information system database, we surrounded each HBC post by a 100-km buffer (31,416 km 2 ) for which we determined species richness of mink prey. We used Poisson regression to characterize latitudinal or longitudinal gradients in species richness of mink prey across HBC posts and mink collection sites. We related the standard deviation of per capita rate of change in mink harvests (ln[X(t + 1)/X(t)]) to species richness of mink prey at HBC posts using least-squares linear regression to determine if variability in mink harvests were lower in areas of high prey diversity.
Modeling percent occurrence of muskrats in diets of minks.-We modeled muskrats in the diets of minks (%) across collection areas as a function of species richness of mink prey using linear regression, weighted by sample size at each site. Estimates of the species richness of mink prey (preyrichness) were based on distributions of prey from our diet analysis study and comprehensive literature search. Percentage of muskrats in the diets of minks was logit transformed; because logit transformation cannot be performed on 0 or 1 these values were replaced by 0.0001 and 0.9999, respectively. We normalized species-richness counts of mink prey using the square-root transformation.
Using an information-theoretic approach we evaluated biologically relevant alternative models, which included variables influencing percent muskrat in diet. In addition to easting and preyrichness, northing and mink weight were included in models (Table 1) . Because large minks take larger prey than small minks (Sealander 1943; Soper 1964) , mink weight was included as a covariate. We used Akaike information criterion adjusted for small sample size (AIC c ) to choose the mostparsimonious model (Burnham and Anderson 2002) . Of the 756 minks collected, 617 (81.6%) contained food items, and 1,188 prey items were identified. Two major prey groups found in the winter diet of minks were mammals (36.8%) and fish (34.3%). Insects were the 3rd most common food group (9.4%) with amphibians (8.0%) and birds (5.6%) following in percent occurrence. Miscellaneous prey items grouped into an ''other'' category (5.9%) included mollusks, unidentified invertebrates, and crustaceans (crabs, crayfish, and unidentified crustaceans).
RESULTS

Species
Muskrats (26.8% of mammals), snowshoe hares (11.4%), and red squirrels (Tamiasciurus hudsonicus, 5.9%) were the predominant mammals consumed by minks. When grouped by prey species type, both voles and insectivores were heavily used (17.6% and 15.8% of mammals, respectively). Mustelids in mink diets occurred mainly north of 54uN latitude (10 of 14 mustelid predation events). Unidentified species of Mustela could have included ermine (M. erminea), long-tailed weasels (M. frenata), or least weasels (M. nivalis). Deer (Odocoileus) and otter (L. canadensis) remains were found in minks from Alberta and Ontario, respectively.
Lack of diagnostic bones or scales left 55% of fish prey items unidentified. Of those identified, Cypriniformes (29.5%), Salmoniformes (23.5%), and Esociformes (Esox lucius, 19.1%) predominated the diet sample. Amphibians were found in samples from Ontario and Quebec, whereas birds were equally distributed in samples from across the country. Crabs were identified in samples from the coast of British Columbia (mink collection area 1; Fig. 1 ), where no mammalian prey was detected.
Mink hair was found in 29.6% of the sampled animals, presumably from grooming, but 15 mink also contained mink claws, toe hair, and bones. However, those cases were not considered to be the result of a kill. In 12 cases, either the sample mink was missing one of its feet or another mink caught on the trapline was missing a foot. Plant material was common in gut contents but this was expected considering the feeding habits of mink (i.e., scavenging and eating prey on the ground).
We found a significant difference between stomach and intestine contents for both frequency of occurrence (x 2 5 61.884, d.f. 5 15, P , 0.001) and predominant prey item counts (x 2 5 53.681, d.f. 5 15, P , 0.001), indicating that grouping stomach and intestine data for further analysis could be a significant source of bias (Day 1968) . Taking into account a Bonferroni adjustment for multiple tests of hypothesis (a 5 0.003), significant differences between observed and expected No difference was found between the diets of male (weight: n 5 428, X 5 768.1 g, SD 5 256.6; total length: n 5 457, X 5 572.2 g, SD 5 55.3) and female (weight: n 5 237, X 5 508.5 g, SD 5 169.2; total length: n 5 255, X 5 515.3 g, SD 5 47.9) minks (stomach: x 2 5 17.401, d.f. 5 15, 0.25 , P , 0.5, intestine: x 2 5 15.449, d.f. 5 15, 0.25 , P , 0.5) despite significant differences in weight (no pelt, t 5 15.667, d.f. 5 663, P , 0.001) and total length (t 5 14.373, d.f. 5 710, P , 0.001).
We found no difference in diet based on intestine samples from minks that had been baited (n 5 419, 55.4%) and not baited (n 5 105, 13.9%, unknown 5 232, 30.7%; Fritzell 1987, 1989; Burgess 1978; Cowan and Reilly 1958; Dearborn 1932; Eberhardt 1973; Eberhardt and Sargeant 1977; Errington 1936; Gilbert and Nancekivell 1982; Goodpaster and Hoffmeister 1950; Guilday 1949; Hamilton 1936 Hamilton , 1940 Harbo 1958; Jennings et al. 1982; Korschgen 1958; Llewellyn and Uhler 1952; Melquist et al. 1981; Proulx et al. 1987; Racey and Euler 1983; Sargeant et al. 1973; Sealander 1943; Soper and Payne 1997; Waller 1962; Wilson 1954) . We added 8 mammal species (Sorex arcticus, Sorex palustris, Sorex hoyi, Microtus longicaudus, Glaucomys sabrinus, Castor canadensis, Martes americana, and L. canadensis) and 7 fish species (Percopsis omiscomaycus, Pimephales promelas, Semotilus atromaculatus, Lota lota, Prosopium cylindraceum, Stizostedion vitreum, and Pungitius pungitius). Other prey taxa (i.e., birds, amphibians, and insects) were rarely identified to species in the literature or in this study. However, because prey used by minks were mainly mammals and fish (71.1%) we generated a map of species richness of mink prey using data from those 2 prey groups (Fig. 3) .
The phase of the muskrat-mink cycle might influence mink diets. In particular we might expect that the amount of muskrats (presumed top-ranked food of minks) in the diets of minks would be high during times of muskrat abundance and that minks would shift to alternate prey during times of muskrat scarcity (Charnov 1976a (Charnov , 1976b . However, at the time that we sampled mink diets, both mink and muskrat harvests were low across Canada (Statistics Canada 2004) .
Species richness of mink prey at HBC posts (Fig. 3 ) was inversely related to easting (b 1 5 20.239, d.f. 5 79, P 5 0.013), holding latitude constant. Species richness of mink prey at HBC posts decreased as latitude increased (b 2 5 20.585, d.f. 5 79, P , 0.001) along a constant longitude; likewise, species richness of mink prey across mink collection sites decreased with latitude (b 1 5 20.506, d.f. 5 32, P 5 0.005), with no statistical difference between these 2 regression slopes. Potential prey in the eastern group of HBC posts identified by Yao et al. (2000;  Fig. 3 ) had the lowest species richness of mink prey (preyrichness, X 5 23, SD 5 3) and was significantly different from the central HBC posts (t 5 6.307, d.f. 5 32, P , 0.001), where species richness of mink prey was highest (X 5 30, SD 5 3). Minks from Yao et al.'s (2000) western grouping of posts showed intermediate species richness of mink prey (X 5 28, SD 5 3), still significantly greater than in the eastern grouping (t 5 4.25, d.f. 5 22, P , 0.001). A nonsignificant inverse relation was found between the standard deviation in mink harvests at HBC posts and species richness of mink prey (r 5 20.171, n 5 82, P . 0.1).
Modeling percent occurrence of muskrats in the diets of minks.-Thirty-five mink collection sites were used in the analysis of the percent occurrence of muskrats in the diets of minks (the remaining 5 collection sites where only 1 mink per site was collected were omitted from analysis). The null hypothesis that species richness of mink prey and easting had no effect on muskrats in the diets of minks was rejected for intestine (F 5 3.61, d.f. 5 31, P 5 0.024, adjusted R 2 5 0.19) and stomach (F 5 3.82, d.f. 5 31, P 5 0.02, adjusted R 2 5 0.20) samples (Table 2 ). Both easting (intestine: b 5 58.127, P 5 0.024; stomach: b 5 60.035, P 5 0.014) and the interaction between easting and species richness of mink prey (intestine: b 5 211.228, P 5 0.019; stomach: b 5 211.481, P 5 0.012) were significant in both samples. The relationship of species richness of mink prey on percent muskrats in the diets of minks is modified by easting ( Table 2) , showing that the amount of muskrats in the diets of minks was negatively influenced by greater species richness of mink prey at the more eastern mink collections sites in south-central Canada.
When compared to alternative models, the biological hypothesis that percent of muskrats in the diets of minks was influenced by species richness of mink prey and easting was the 2nd-ranked AIC c -selected model for both the intestine (Table 3) and stomach (Table 4) samples. Northing was inversely correlated with both species richness of mink prey (r 5 20.775) and easting (r 5 20.625). To avoid multicollinearity, northing was not included in models that included species richness of mink prey or easting. Northing, species richness of mink prey, easting, and weight appeared in the top 4 models in both the intestine and stomach diet samples. Estimated coefficients (b i s) and standard errors (SEs) for the top AIC c -selected models (DAIC c , 2) for the intestine and stomach samples are listed in Table 5 .
DISCUSSION
Species richness of mink prey.-The 1st goal of this investigation was to document patterns of species richness of mink prey across Canada to test Yao et al.'s (2000) prediction that species richness of mink prey is greater in the eastern cluster of HBC posts. Based on the results of our cross-Canada mink diet study and an analysis of geographic distribution of alternate prey, we were unable to support this prediction.
Species richness of mink prey was determined to be lower at eastern HBC posts. In addition to having lower species richness of mink prey compared to the central and western groupings (Yao et al. 2000) , 7 of the 8 eastern posts are coastal; therefore, a completely different assemblage of mink prey would be expected (Ben-David et al. 1997; Dunstone and Birks 1987) . Although we were unable to secure a collection of minks from the east coast, mink diets at collection area 1 (a west-coast mink collection site; Fig. 1 ) contained no mammalian prey and 35.1% crab, whereas mammals and fish make up the majority of prey for minks throughout most of the boreal region. Prey composition of minks at coastal posts might provide a better (Yao et al. 2000) . HBC posts represented by light gray circles were not included in the analysis by Yao et al. (2000) . explanation of the weak interaction between minks and muskrats in eastern Canada than species richness of prey (Erb et al. 2001) .
Muskrats in the diets of minks.-Although species richness of mink prey at eastern HBC posts was lowest, the hypothesis that percent muskrats in the diets of minks is influenced by prey richness requires more attention. Given the pattern of prey richness across Canada, it is more likely that mink and muskrat interactions in central Canada are affected to a larger degree by minks having access to a greater diversity of prey. Our analysis provides support for the 2nd prediction that percent muskrats in the diets of minks decreases as species richness of mink prey increases.
Percent muskrat in mink intestine and stomach contents decreased in areas of high species richness of mink prey at mink collection sites in central Canada, located mainly in southern Ontario and Quebec. The interaction term of easting 3 species richness of mink prey is highly significant, supporting the hypothesis that diets of minks are influenced by species richness of mink prey. Thus, species richness of prey might contribute to variation in the lag between mink and muskrat harvests as proposed by Yao et al. (2000) , although not in the eastern grouping of HBC posts.
Compared to the alternative biological models, model 2 (Tables 3 and 4) is one of the best for describing the effect of species richness of mink prey and easting on the percent muskrats in the diets of minks, and matches our biological understanding of the patterns. Focusing on the alternative models based on the intestine sample, species richness of mink prey by itself (model 6) poorly predicted percent of muskrats in the diets of minks, although northing (model 1), which is highly correlated with species richness of mink prey (r 5 20.775) and easting (r 5 20.625), was selected as the top model. From the standpoint of parsimony, model 1 looks to be the best model; however, northing as an indicator of the amount of specialization of minks on muskrats does not lead to an understanding of mechanisms working in this system. Models 3 and 4 indicate that there is a slight increase in the percent muskrats in the diet as mink weight increases, consistent with observations that larger minks can take larger prey items than smaller minks (Sealander 1943; Soper 1964) .
In northern Canada, muskrats make up a large proportion of the diets of minks and it seems a case is building for a strong predator-prey relationship between minks and muskrats in northwestern Canada. Other studies point to increased numerical dependencies between the 2 species (Erb et al. 2001; Yao et al. 2000) as well as cyclic lags reflective of a specialized predator-prey relationship (Erb et al. 2001 ) at western HBC posts. High muskrat : mink ratios (Viljugrein et al. 2001) suggest that muskrats are relatively more abundant in northwestern Canada. Lower diversity of mink prey and increased ability for minks to use muskrats (due to larger size of minks) reinforce support for a predator-prey interaction between minks and muskrats in northwestern Canada.
In south-central Canada, however, we must be cautious in linking muskrat cycles to mink predation because the mink is a generalist predator (Arnold and Fritzell 1987; Eagle and Whitman 1987; Gilbert and Nancekivell 1982; Proulx et al. 1987 ) that ''reflects changes in the abundance and availability of prey in its diet'' (Racey and Euler 1983:400) . Even though Errington (1961 Errington ( , 1967 was convinced the muskrat is a favorite food of minks, he indicated it unlikely that mink predation on muskrats would be significant and claimed predation was mainly compensatory with populations ultimately limited by available habitat. Whether minks are driving muskrat population fluctuations or simply tracking their abundance will be difficult to resolve without long-term experimental studies. Other long-term studies point to pronounced fluctuations in muskrat numbers driven by vegetation-muskrat trophic interactions, particularly cases where muskrats apparently have consumed all available vegetation (O'Neil 1949; Weller and Fredrickson 1973) . However, although there are references to these instances of unsustainable vegetation use by muskrats in the southern parts of their range (Weller and Fredrickson 1973; Weller and Spatcher 1965) , few such cases have been recorded in Canada's boreal forest (Boutin and Birkenholz 1987) . Of 23 trappers asked (873 years of combined trapping experience), only 1 indicated he had seen a muskrat ''eat out'' on his trapline 50 km south of Lake Winnipeg. This is consistent with the suggestion that northern populations of muskrats, which experience short growing seasons and frequent instances in which severe winter conditions cause muskrat aquatic habitats to freeze solid, are not likely to reach densities sufficient to overexploit vegetation (Errington 1961) .
Although species richness of mink prey does not follow the geographical pattern predicted by Yao et al. (2000) , muskrats still are less prevalent in diets of minks in southern Ontario and Quebec than in northwestern Canada. This difference appears to be associated with greater species richness of mink prey in south-central Canada. Similar to studies of smaller mustelids in Fennoscandia (Hanski and Henttonen 1996) and lynx in Canada (Roth et al. 2007 ), we have shown that diversity of alternative prey is correlated with the degree of specialization by mink on its primary arvicoline prey. Different from what was found for lynx in eastern Canada (Roth et al. 2007 ), however, we were unable to detect an influence of species richness of mink prey on the variability in harvests of minks. Although the predicted correlation between mink prey diversity and percent muskrats in the diets of minks was substantiated in our study, we believe further work is required to conclude that prey diversity is the primary driver of geographic variation in mink-muskrat dynamics. 
